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ABSTRACT

Solar wind velocities have been measured on a daily basls fiom daté,obtainéd‘
by the Ames Research Center plasma analyzers on both Piongér‘io and PioheérF1i.
A comparison between the time profiles of thersolér ﬁiﬁd VéioﬁiﬁieS‘observed‘
at tﬁe twce spacecraft shows that the solar wind haéKthé éaﬁe-ﬁajor feéﬁures,\ j“
such as high velocity streams, oﬁ£ to at‘ieast S'aStronbmical-units (AUj ffdmfi‘
the sun. Major features in the veloéity timé profile observéd_first at-Pionesr‘
11 are seen later at Pioneer 10 with a delay éonsistént-ﬁith the respéctivé' .
heliocentric longitudes of the two spacecraft, tﬁeif radial_aistancés from
the sun, and the solar wind velocity. A more detailed compariséﬁ hetﬁéenfthe
velocity measurements made at Picneer 10 and Piéneer'll.éhows‘fhatfthe raﬁgé
of golar wind velccities decreases,ﬁith increaéing radiél‘distancé‘froﬁ'ﬁhe B -
sunt, Although the average value of the solaf-wind velécity as meaéﬁréd‘ovar"
a sufficiently long.period ig approximately the same at.bothfspacecraft, thé.
deviations to higher and lower velocities are less ét'a_greater radial'distanée
from the sun. If one assumes for the ﬁurpose df ﬁroviding a méasure of the
decrease in the velcocity range that there is an exponential dropoff'in the
range of solar wind velocities as a function of radial-distgncé-from the sun,
not until a distance possibly as great as 25 AU frém the sun will the ‘selar
wind velocity variations be difficult to detect with the type of. solar wind
plasma analyzers on Pioneers 10 and.il. It appears that stfeam¥stream;inter,
actions play a dominant role in preventing the classiéal radial e#ﬁansion'prof
cess in the solar wind. The reéult that the meaﬁ solar Wiﬁd&veIOCify reﬁains ;
approximately the same, but that the amplitude of the‘veibcity variatibns
decreases with increasing radial distance ié consistent with ﬁhere being an

" exchange of momentum between high speed and low speed solar ﬁipd streamsla#I‘

they interact and move outward from the sun.
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INTRODUCTION

- In.this paper we are reporting a comparison between setsof solar wind
velocity measurements made on a daily basis by the Ames Research Center Plasma
Analyzer experiments on Pioneer 10 and Pioneer 11 in 1973, During this time
period Pibdneer 1Y was between 1.0 and 2.7 astronomical units (AU) from the sun
and Pioneer 10 was between 4.1 and 5.0 AU from the sun, The Picneer 10 and
Pioneer 11 solar wind plasma experiments are dual quadrispherical electrostatic
analyzers utilizing twc independent sets of 90 degree deflection plates for
energy analysis, The higher resolution set has a mean radius of 9 e with a
0.5 cm.ééparation and uses 26 continuous channel multipliers as detectors,
whereas the lower resolution assembly, with a mean plate radius of 12 cm and
a 1 cm separation, deflects incaming particles intec five current collectors
connected to electrometer amplifiers. Both agsemblies wview along the space-
craft spin axis which is directed toward earth. The energy analysis for positive
ions is provided for both sets of plates by stepping through a maximum of 6k
equally logarithmicaliy spaced plate voltage differences in synchronization
with the:spaceécraft spin: The angular information is provided by the relative
responses of the detectors as the spacecraft spins. For a more detailed descrip-
tion of the Pioneer 10 and 11 instrumentation see Wolfe et al. (197h).

- Phe cobservations reported here have been made from real-time ?rintouts cf
the solar wind data from Pioneers 10 and 11.. In each instance one or more
energy scans of data from either the high-resclution or low resoclution assembly
were read to determine which energy step corresponded to the peak solar wind
proton flux. From this the solar wind peak velocity was determined. These
measurements were made once each day, when practicable, for both spacecraft

and were spaced as nearly equally as possible.



Using two spacecraft to study the solar wind velocity aﬁ different dis-
tances from the sun aids in separating temporalrvariations from spatial varia--
tions. During the 200 day pericd of thiS'study, the'Pioneer ll—sun-Pioneer 10
angie decreased from 90° to nearly 0° and was leaé than 22°1(ahout l 3/l days éf‘
solar rotation) for the latter half of this time.  Gos1ing (197é) hﬁs éﬁown'
for satellite éeparations of less than or equal.to.E.da&s in a corotatidﬁ-sense K
{using Pioneer 6 and 7 interplanetary solér wind plasma data'ffbm;l969 and 1970)
that the degree of correlation in the velocities is Quite goéd, whereas for .
separations of 4 days or more the correlation is wéak.l:ﬁof-the second half-of B
the 200 days covered in this stuay, the separation of Pionééré 11 and 10'is‘lgss
than 2 days in the corotation sense and we can réasdnably aséﬁme thaﬁ_diffefences
in the sclar wind velccity as obsgerved at Pioneer 11 aﬁd lQ'ﬁogld evolve durihg |
the solar wind expansion aﬁd would not be due to femﬁorél changéé of éoronai ]
origin. Ewven in the first half of the 200 dayé of datsa Wheré the corotation
delay varied from about 7 days QOwn'to 2 days, an averaging‘overrthe long:term ‘
would tend to emphasize thé spatial variations, not the temﬁorél.A‘Thé‘gfeat : L
range in radial distancé between Pioneer 11 and 10 is also a greﬁt édvantage for |
studying radial variations, An earlier study 6f'Neugébaﬁer_and Snyder (1966)
from Mariner 2 data did not have .the advantagé-of observatiohs:by two spacecr&ft
over a large range of distance. from the sun. )

The Pioneer 10 measurements extend from May 3, 1973 to November 16,_1973,
whereas the Piconeer 11 measurements were made Eetween Aprii 20, 1973 and Novem-
ber 6, 1973, Figure 1 shows the ecliptic plane projecﬁions_of fhe‘drbits_qf
Pioneers 10 and 11 and their relative positions for the beginning, middle, én&

end of the period during which the data were taken,

COMPARISON OF PIONEER 11 AND PIONEER 10 VELOCITY OBSERVATIONS‘

The first half of the 200 days of éol&r-ﬁindrveloéity data for Pioneers 10

-3-



and 11 is plotted in Figure 2. Each 25-day segment of the Pioneer 11 veiocity
time-profile is compared with a 25-day segment of the Pioneer 10 velocity time
profile. A 25-day interwval is the approximate sgynodical pericd of rotation of
the solar equator with-respect to.the Ploneer spacecraft. The angular velocities
of the spacecraft about the sun decrease rapidlj as the radial distance from
the’ sun incréasés; 56 that the synodical rotation pericd of the sclar equator
sdonfbeComes quite close to the period bf.fotation in a fixed helioccentric frame
of reference. Since data gathered shortly after the Pioneer 11 launch are used
here, this period is actually Somewhat  tco short at the beginning. However,
aﬁproximately 100 days after launch, the gynedical period has already decreased
to about 25.5 days. It should be stressed, however, that the analysis presented
in this péper does hot depend upon the solar synodical rotation pericd,

By breaking the display of data into 25-day segments, the persistance of
high speed streams for several scolar rotations is readily shown. The Picneer 10
segment of data in each case 1s delayed by the time to the nearest whole number
of days that it Would.take for the sun to rotate through the Pioneer 11-sun-Pioneer.
10 angie for midway.through the Pioneer 11 time interwval plus the tiﬁe it would
ﬁake for the solar wind to traverse the radial distance from Ploneer 11 to
Pioneer 10 at the average velocity observed at Picneer 11 for those 25 days.
Velocities observed at Pioneer 11 which are greater than the 200-day average
velocity are shaded in Figare 2. Similarly Pioneer 10 measured velocities exceed-
ing the 198-day average are also shaded. Only 198 days of Pioneer 10 dats are
used becsuse the average solar wind delay time from Pioneer 11 to Pioneer 10
decreased from 13 td‘ll‘days between the first 100 and second 100 days of aobser-
vation.

From an examination 6f the plote shown in Figure 2 it is clear tﬁat the

same general pattern of peaks and valleys in the'velocity time profile is seen

at both Pioneers 11 and 10 with a delay approximately equal to that appropriate

.



to thelr respective heliocentric longitudes and radial distances from tﬁe

sun. It is important tc note, however, that the Pioneer 10 measurements have
much less amplitude variation than those of Pioneer 11 with less raﬁge-td bbth
high and low solar wind velocities. This feéture of the data is shown readily‘
in the histograms of Figure 3. For this plot the dally velocity measurements
presented in,Figure 2 have been grouped'into 25 km/sec widg intervals for both
Pioneer 10 and Pioneer 11, A linear intéfpolatidn has been made between
neighboring velocity measurements to determine a velocity value for those days
when nco data were available, This procedure introducesltrifial error and
affords a more complete comparison between the two sets of data. The period

of time for the Ploneer 10 measurements is delayed 13 days witﬂ regspect to the
Pioneger 11 time ﬁeriod. This is approximately the average delay for this 100
day interval as calculated from the heliccentric longitu&es of the twoe Pioneer
spacecraft, their respective radial distanées and the average solar win@ speed
obgerved. There are 18 daily velocity méasurements ébove 675 km/sec for Pioneer
11, whereas for Pioneer 1G there are none. Alsc the Pioneer 11 measureﬁents |
show 8 daily velocity samples below 350 km/sec, whereag Ploneer 10 has none,
Thus, the Pioneer 11 velocitlies have a much greater range than those of Pioneef
10 for this period.

In order to compare the relative smoothness of the veloeity pfofiles observed
at Pioneers 10 and 11, the changes in velocity from the previous day}s measure-
ment are given in the histogram shown in Figure 4. The intervals for the velocity
changes are 20 km/sec wide. It is readily seen that the day-to-day velocity
changes measured at Pioneer 10 have & smaller range than those observed at Pioneer
11. It is clear that the velocity time profile oﬁserved at the greater radial
" distance from the sun is smoother than that seen closer to the sﬁn.

The se&bné half of the 200 days of solar wind velocity observations from



Picneers 10 and 11 is plotted in Figure 5 in the same manner as was the first
half of the data presented earlier in Figure 2. The average velocity observed
for the second 100 days is considerably lower than that observed for the first
100 days. The average velocity observed b& Pigneers‘lo and 11 for the first 100
day interval was 512 km/sec, whereas during the second 100 day interval the
cbserved avéragé velocity was only 425 km/sec, This is alsoc evident in the plot
of Figure 5, because there are fEW'measuregents greater than the 200-day average
(Pioneer 11) or 198-day average (Pioneer 10) shown by the shaded in areas of

the velocity time profiles. The day-te-day velocity Vayiations seen at both
Pioneers 10 and 11 are smaller during these second 100 days in comparison with
the first 100 days. The same general pattern, however, of peaks and valleys

in the velocity time profile is seen as before at both Pioneers 10 and 11 with
approximately the appropriate delay. Again the measurements made at the greater
radial distance from the sun by Pioneer 10 ﬁave less amplitude variation than
those made closer toc the sun at Picneer 11. Figure 6 shows histograms of the
Picneer 10 and 11 velocity measurements which are presented in Figure 5;‘ There
are 8 daily velocity measurements from Pioneer 11 which are below 300 km/sec,
whereas for Pioneer 10 there are none. Also there are 15 veloclties greater
than 525 km/sec in the Pioneer 11 data versus 8 in the Pioneer 10 data. Thus,
as in the first half of the data, the Picneer 11 velocities have a greater range
in amplitude than those of Pioneer 10. Again, in order to compare the relative
smoothness of the velocity time profiles observed at the two spacecraft for this
period, the changes in veloecity from the previous day's measurement are given in
the histogram shown in Figure 7. The intervals are the same as those in Figure u._
Again, it is evident that the day-to-day velocity changes are smaller on the
average and have a smaller range at the greater radial distance from the sun as

observed at Pioneer 10 in comparison with the Pioneer 11 cbservations at a lesser

radidl distance.



In order to make some-sort of extrapolation from these data and-geﬁ a
feeling for how the solar wind velocity fluctudtions are damping out with
radial diétance, we have computed the exponential rate of decéy of fhe velocity
emplitudes measured at Pioneers 10 and 11 from each 100;day set of daté. Table
1 shows these results. For eéch spacecraft the tiﬁe averaged value for the
radius from theAsun was calculated for the 100-day period. Also, the range of
the daily velocity samples, excluding the highest and ibwést-S%, was determined
for the measuréments made at Ploneers 10 and 11. From tﬂese values the distance !
for l/e decay was calculated. Tﬁe distance at which this velocity range would
be reduced to 20 km/sec assuming the exponential decay was then determined., This
distance 1s approximately'EB to 30 astronomical units. For the Pioneer 10 and
li solar wind plasma analyzers, a velocity diffefence of éd km/sec corresponds
approiimately to the difference in welceity for protons detected in a&jacenﬁ |
energy steps when the instrument iIs in its ﬁighest energy resolution mode. There-
fore when the velocity range is of this order, the instrument, td firét oraér,‘
will see l1ittle welocity variatign. |

CONCLUSIONS

Tt is clear that the velocity amplitudes'in the golar wind stream struc-
ture decrease dramatically with increasing radial distance from the sun. What
is not clear, howéver, igs the rate of this velocity amplitude déérease. One
might expect, for example, that a 1/e decay rate for the stream velocity amplitudes
is too large since stream-stream interactions become less important with decreasing
amplitude and require a greater radial distance to intéract. This is somewhat
evidenced by comparing the lower amplitude velocity variations seen in the secoﬁd
100 day dbservatiogs a8 contrasted to the first 100 déys presented here., On
the other hand charge exchange between the solar wind gnd the influx of inter-

stellar gas will almost certainly remove kinetic energy from the solar wind and



tend to drastically increase the effective solar wind temperature. fhe radial
distance at which interstéilar interactions may play a key role in altering
the soia? wind expansion process canlnot be ascertained at this time, Due to
the long térm étatistical fluetuations in theléata it was not possible to deter-
mine the decsy rate more precisely by'dividing the 200 days of cbservations into
more than just-two 100 da& ihtéfvals.

| In any.e#ent; it is.not &ntil far beyond the crbit of Jupiter that the
solar wind is expected to Attain a constant velocity radial expansion state,
It appears that stream-stream interactions play a dominant role in preventing
the classicai radial expansion process in the solar wind, The result that the
mean golar wind velocity remains approximately the same, but that the amplitude
of the velocity variations decreased with increasing radial distance, is con-
sistent with tﬁere being an exchange of momentum between high speed and low
gpeed sclar wind streamg as they iﬁteraet aﬁd move cutward from the sun. It is
hypothesized that the stream-stream interactions, at least between 1 and 5 AU,
produce scattering centers which will prevent the observation of a significant
galactic cosmic ray gradient in this region of space. In addition, the exchange
of momentum between fast and slow solar wind plasma is probably not perfectly
elastic and therefore non-adiabatic expaﬁsion might be expected due to the

generation of waves and turbulence.
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RADIAL DISTANCES FROM THE SUN

TABLE 1.

A COMPARISON OF PIONEER 10 AND || SOLAR WIND
VELOCITY DISTRIBUTIONS AT DIFFERENT -

DISTANCE
RANGE OF RADIAL | WHERE RANGE
SPACECRAFT PER'ggys"W-”” RBFRIK\EEEQES,E AgAﬁng ofODLE 90% | DISTANCE OF MIDDLE 90%
km/sec DECAY, AU | x 20km/Aec,AU
PIONEER Il | 110-209 .05 TO [.8I 1,38 395
| 7.8 25
PIONEER 10| 123~222 | 4,09 TO 4.57| 4.33 270
PIONEER 11| 210-309 | 1.82 TO2.68| 2.25 286
10.5 30
PIONEER IO | 221-320 | 4.57 TO4.97| 4.77 225




PIONEER 10 AND Il TRAJECTORY (ECLIPTIC PROJECTION)
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Figure 1. Pioneer 10 and 11 trajectory (ecliptic proj ebtion) -'ind‘i"c'ating siaé.i:ecraft positions and anglres
between spacecraft-sun lines for beginning, middle, and end of period when solar wind velicity data

were obtained.



PIONEER 10 AND 11 SOLAR WIND VELOCITIES
DAILY SAMPLES
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Figure 2. Comparison of Pioneer 10 and 11 daily solar wind velocity measurements for first 100 days of

data.

For each 25-day segment the Pioneer 10 measurements are shifted by the time appropriate for

the angle between spacecraft-sun lines and different spacecraft-sun distances.



PIONEER 10 AND |1 SOLAR WIND
DAILY SAMPLES
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Figure 3 Histogram of Pioneer 10 and 11 daily solar wind veloclty measure-

ments for first 10C days of data. Intervals for histogram plotting

are 25 km/sec, 13-
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~ Figure L.
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Histogram of differences between daily solar wind velocity measure-
ment and previous day's measurement for Pioneers 10 and 11 for first

100 days of data. Intervals for histogram plotting are 20 km/sec.
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PIONEER 1O AND Il SOLAR WIND VELOCITIES
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Figure 5. -Comparison of Pioneer 10 and 11 daily solar wind velocity measurements for last 100 days of
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data. “For each 25-day segment the Pioneer 10 measurements are shifted by the time appropriate for

the angle between spacecraft-sun lines and different spacecraft-sun distances.



PIONEER IO AND I SOLAR WIND
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Figure 6 Histogram of Pioneer 10 and 11 daily solar wind velocity measure-

ments for last 100 days of data. Intervals for histogram plotting

are 25 km/sec,
-l -



PIONEER IO AND II SOLAR WIND |
DAILY SAMPLES
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Figure 7 Histogram of differences between daily golar wind vélooity measure-

ment and previcus day's measurement for Ploneers 10 and 11 for lasp

100 days of data. Intervals for histogram plotting are 20 km/sec.
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